Close-packed chalcogenide spinels, such as MgSc 2 Se 4 , MgIn 2 S 4 and MgSc 2 S 4 , show potential as solid electrolytes in Mg batteries, but are affected by non-negligible electronic conductivity, which contributes to self-discharge when used in an electrochemical storage device. Using first-principles calculations, we evaluate the energy of point de- slow cooling to likely create conditions for low electronic conductivity, the spinels are likely to exhibit significant n-type conductivity under anion-poor environments, which are often present during high temperature synthesis. Finally, we explore extrinsic aliovalent doping to potentially mitigate the electronic conductivity in these chalcogenide spinels. The computational strategy is general and can be easily extended to other solid electrolytes (and electrodes) to aid in the optimization of the electronic properties of the corresponding frameworks.
defects can cause large variations in electron (hole) conductivity in ionic conductors. Thus, we explore the defect chemistry of MgSc 2 Se 4 , MgSc 2 S 4 and MgIn 2 S 4 using first-principles calculations and aim to understand how structural defects modulate the electronic properties in the bulk spinels, identify the origin of the undesired electronic conductivity, and propose practical remedies.
In detail, our calculations suggest that intrinsic point defects, such as Sc 3+ substituting on Mg 2+ sites in MgSc 2 S 4 or MgSc 2 Se 4 (Sc and Mg In in MgIn 2 S 4 , can give rise to significant electronic conductivity in these materials.
Additionally, our data demonstrates that anion-rich and anion-poor synthesis conditions should give rise to qualitatively different defects, affecting the electronic (hole) conductivity of these materials. Finally, we demonstrate that understanding and controlling the defect chemistry of solid electrolytes (and cathode materials) is crucial in all aspects, such as tuning the respective synthesis conditions and optimizing the electronic and ionic conductivities.
Methodology

Basics of defect chemistry
The occurrence of a defect X of charge q in a solid relates to its formation energy E f [X q ]:
where, E tot [X q ] and E tot [bulk] are the total energies of a supercell containing the defect X and an un-defected supercell, respectively. 33-37 n i is the concentration of species i added (n i > 0) or removed (n i < 0) to create defect X. µ i is the chemical potential of species i, as determined by the set of phases in thermodynamic equilibrium with the solid of interest at 0 K. E F ermi is the Fermi energy of electrons in the structure, and E corr is the electrostatic correction term to account for spurious interactions among defects (i.e., with periodic images and the homogeneous background charge). Using Eq. 1, the defect formation energies
can be plotted as a function of the Fermi energy, E Fermi , as demonstrated in Figure 3 .
In this work, we compute E corr using the Freysoldt correction scheme, 33, [38] [39] [40] which separates the electrostatic interactions into a short range (decaying to zero in a large supercell) and a long range (∼ 1 εr beyond the supercell boundaries) component. The dielectric constants (ε) of the spinels utilized to approximate the long range part of the electrostatic interactions, are reported in Table S2 . For a given defect, the value of E corr within the Freysoldt scheme 38,39 is determined by the convergence of the short range potential to a constant value with increasing supercell size (as seen in Figure S1 ). Recently, Komsa et al. 41 determined the Freysoldt scheme to be more efficient than other schemes, [41] [42] [43] [44] [45] [46] in terms of the supercell size required to achieve convergence, and quantified the average error of the Freysoldt correction to be ∼ 0.09 eV in a variety of systems. 41 Specifically for the MgA 2 Z 4 spinels (A = Sc/In, Z = S/Se), we use a 2×2×2 supercell of the conventional cubic cell, which contains 256 anions. 
Charge neutrality
Point defects can be neutral or charged specie. An example is shown in Figure S2 , where the donor defect is positively charged for (q = 1) E Fermi < (+/0), while for E Fermi > (+/0) the donor defect is neutral (q = 0). Thus, (+/0) is the thermodynamic defect transition level where two different charge states of a defect have the same E f . The availability of electrons is set by the equilibrium Fermi level E eq Fermi , and the defect transition level sets the Charge neutrality
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and free carrier (n h and n e ) concentrations at a given temperature (T). The chemical potentials (µ i ) are required as input parameters. E eq F ermi within the band gap and in turn, the electronic conductivity of the structure.
When multiple defects and charge states are present in a structure, estimation of E eq F ermi requires a self-consistent search (as explained in Figure 1 ) by enforcing charge neutrality of the material, corresponding to X,q qc[X q ] + n h − n e = 0. n h (n e ) is the hole (electron) concentration, obtained by integrating the density of states (DOS, D(E) in Figure 1) at a given Fermi level (E F ) in the structure. N neutral bulk electron in Figure 1 is the total number of electrons in the neutral bulk cell. c[X q ] is the concentration of defect X q , stemming from the
The resulting E eq F ermi and defect concentrations correspond to thermodynamic equilibrium as a function of temperature. Note that in all the materials considered in this work (Section 4),
we list a few defects as "dominant" owing to their low formation energies at E eq F ermi .
Materials that are normally synthesized at a high temperature (∼ 1273 K, for example 22 ) and rapidly cooled to room temperature, may have their high temperature intrinsic defect concentrations "frozen-in" (or quenched) at room temperature, while the free carrier concentration (n h − n e ) changes with temperature, given the fixed defect concentration. A change in intrinsic defect concentration will require significant atomic diffusion, which is likely to be are computed at 300 K. When quenched or frozen conditions are assumed, the defect concentrations are calculated self-consistently at a higher quench temperature (i.e. 1273 K with the procedure in Figure 1 ), and are not allowed to change when the Fermi level and the free-carrier concentrations are re-calculated at 300 K. Since defect concentrations increase with increasing temperatures, the frozen approximation can quantify the possible deviations away from equilibrium in both defect and free carrier concentrations at 300 K.
Computational Details
The total energies in Eq. The dominant defects within the band gap of the Se-rich region are the charged Sc Given that the opposite charges of Sc each other leading to charge neutrality, the E eq F ermi is nominally pinned at a Fermi energy where all three defects have similar E f . Indeed, a self-consistent calculation of the E eq F ermi at 300 K (i.e., assuming defect concentrations equilibrate at 300 K) leads to a E F ermi =0. 46 is "deep" within the band gap, which will lead to low electronic (or hole) conductivity since large thermal energies ( k B T ) will be required to ionize free electrons (holes) from the E eq F ermi into the conduction (valence) band. Qualitatively similar conclusions can be drawn from an analysis of the defects in the β facet (Figure 3b and Figure S7a ).
However, when defect concentrations are frozen-in from a higher temperature (∼ in SI) but below metallic levels (∼ 1 charge carrier per lattice site). As the temperature at which the defect concentrations are quenched decreases, the E Se-poor domain, γ MgSc 2 Se 4 -ScSe-MgSe
The Se-poor region (Figure 3c ) is dominated by n-type defects, such as Sc The self-consistent equilibrium Fermi level (∼ 1.08 eV at 300 K) for the Se-poor region is mainly set by the Sc Since the equilibrium Fermi energy is pinned near the middle of the band-gap (∼ 0.88 eV Figure 4a ) by self-compensating charged defects, the material will exhibit low electronic conductivity under equilibrium S-rich conditions. Nevertheless, the equilibrium defect concen- The dominant point defects in the S-poor region (γ, Figure 5b ) are Mg In the γ (and δ, Figure S7c ) facet, the equilibrium Fermi level at 300 K is beyond the CBM, indicating spontaneous electronic conductivity under S-poor conditions. Under quenched defect conditions (from 1273 K), E f rozen F ermi is found to be deeper into the conduction band (∼ 1.80 eV) compared to equilibrium at 300 K ( Figure S7c) Figure 3 ). Region α is S-rich, whereas γ is S-poor. The VBM is set to 0 eV and the white region is the band-gap (∼ 1.56 eV). Vac in legend and dashed lines indicate vacancy defects and solid lines indicate anti-site defects.
Extrinsic defects in MgSc 2 Se 4
High ionic conductivity in materials is often achieved if the concentration of mobile vacancies is increased. One strategy commonly adopted to increase ionic conductivity in solid electrolytes is extrinsic doping, specifically doping the anion sub-lattice. [66] [67] [68] Nominally, the selection of an extrinsic dopant follows the rule of thumb of finding similar-sized cations (anions) for aliovalent substitution in the lattice. In addition, it is desirable that the substituting element is not redox-active, which will minimize the occurrence of redox side-reactions in ionic conductors.
In the case of the spinel Mg-conductors discussed in this work, the electronic conductivity primarily arises from anti-site defects, such as Sc Since the behavior of halogen doping (and Zr show fairly deep donor transition levels away from the CBM (Figure 6a) . Indeed, E eq F ermi at 300 K for the Ce 
Discussion
Using first-principles defect energy calculations, we analyzed the defect chemistry in chalcogenide Mg spinels, namely MgSc 2 Se 4 , MgSc 2 S 4 and MgIn 2 S 4 , and have summarized the Fermi energies and free-carrier concentrations in Table 1 (defect concentrations are also tabulated in Table S1 ) for a representative anion-rich and anion-poor equilibrium. Under all conditions, anti-sites (Mg {Sc/In} and {Sc/In} Mg ) and Mg-vacancies are the dominant defects, while anion vacancies only show up for MgSc 2 S 4 under S-poor conditions. Since the E eq F ermi is far away from the VBM (or CBM), i.e., k B T , the hole (or electronic) conductivity is not expected to be significant (see Table 1 ). Hence, the synthesis of the chalocogenide conductors in anion-rich environments should curtail, to a large extent, the undesired hole/electron conductivity for application as a Mg solid electrolyte. However, synthesis of the Se spinels requires high temperatures (> 1000 • C), 12, 13, 22 at which elemental Se (b.p. ∼ 685 • C) and S (∼ 444
• C) vaporize and may lead to anion-poor conditions. One potential strategy to mitigate anion loss during synthesis is to use the respective stoichiometric binaries, such as MgSe and Sc 2 Se 3 to form MgSc 2 Se 4 , at high temperature.
12,13
Unlike anion-rich conditions, the dominant n-type Sc
• Mg anti-sites in the anion poor domain (γ facet) push the E eq F ermi beyond the CBM in both Sc-spinels, ensuring spontaneous electronic conductivity. We speculate that the low Sc 
Impact of cooling rates
The variation of c[e/h] f rozen and E f rozen F ermi as a function of quench temperature -the temperature at which the defect concentrations are frozen-is plotted in Figures 7 and S7, respectively. Solid and dashed lines in Figure 7 correspond to anion-rich and anion-poor conditions, while the blue, red, and green colors indicate MgSc 2 Se 4 , MgIn 2 S 4 , and MgSc 2 S 4 .
The quench temperature, which is determined by the cooling rate significantly impacts the hole/electron conductivity. For example, all three spinels are expected to show spontaneous h + conductivity at 300 K in the anion-rich domain (α facet) when defect concentrations are quenched from 1300 K, contrary to the equilibrium scenario which would give negligible p/n-type conduction, as indicated by Figure 7 and Table 1 Figure 7) . As a result, the synthesis of the chalcogenide spinels discussed in this work not only requires anion-rich conditions but also slow cooling post-synthesis (i.e., low quench temperatures, ∼ 400−500 K, see Figure S7 ) to minimize the electronic conductivity.
Inversion in MgIn 2 S 4
In comparison to the Sc-compounds, the defect energies in MgIn 2 S 4 ( Figure 4a and b) dictate that under equilibrium, the E eq F ermi should be largely set by charge-compensating In (Table S1 ), which qualitatively agrees with experimental reports. 65, [70] [71] [72] [73] [74] Spinel inversion can impact Mg-mobility and in turn the overall ionic conductivity since inverted structures will possess multiple local MgIn configurations.
Interestingly, the Sc-containing spinels are not expected to invert as much as the MgIn 2 S 4 .
For example, MgSc 2 S 4 exhibits fewer anti-sites (Sc under S-rich equilibrium conditions (Table S1 ). 22 For the case of anion-rich MgIn 2 S 4 , the free carrier concentration is taken as the maximum of free electron and hole concentrations at each quench temperature.
than by Sc.
Chemical driving forces for anti-site defect formation
In the previous sections and Table 1 and Table S1 ), will pin the Fermi level within the band gap corresponding to a low concentration of free carriers.
So far, our calculations suggest that anti-site concentrations (and the corresponding difference between the concentration of p-and n-type anti-sites) can be markedly different for the spinels considered in this work. Particularly, the results presented in Table 1 demonstrate that the concentration of anti-sites in MgIn 2 S 4 is always greater by several orders of magnitude (across all chemical conditions, see Table S1 ) than in MgSc 2 S 4 (Se 4 ). Additionally, our calculations indicate that the difference between the p-and n-type anti-site concentrations in MgIn 2 S 4 is consistently lower than the Sc-spinels (Table S1) , with profound effects on the type and magnitude of the electrical conductivity in the corresponding systems. Here, we rationalize the chemical factors driving such differences.
In general, the occurrence of anti-sites depends on a combination of several factors, such as, i) steric effects (i.e. the strain due to differences in ionic radii of the cations forming anti-sites), ii) the band-gap of each material (ease of ionizing the excess electron/hole), and
iii) the electronic nature or bond character of specific bonds (covalent or ionic). 79 it has never been observed in tetrahedral coordination to our knowledge.
ii Band-gap: large band gaps in materials limit the possibility of ionization of the excess charge in defects, penalizing the injection of a free hole (electron) into the valence (conduction) band. Thus, the "large" band gap in MgIn 2 S 4 ( Figure (Table S1 ). In contrast, the band gaps in Sc-spinels are quantitatively lower than the In-spinel, indicating that the energy penalty for either Sc (Table S1) .
From this analysis, two criteria to design a ternary spinel ionic conductor with minimal electronic conductivity emerge: i) materials with large band-gap (curbing the ionization of free carriers) and ii) materials where both p-and n-type anti-sites are equally likely to form (leading to spinel inversion and lower free carriers) are preferable.
Extrinsic doping
Aliovalent doping of ionic conductors can be used as a strategy to both enhance the ionic conductivities while suppressing intrinsic electronic (hole) conductivities. We explored the defect chemistry of extrinsic dopants in the γ facet of 
Conclusion
Using first-principles calculations, we have analyzed the role of defect chemistry in influencing the electrical conductivities of three chalcogenide spinels, MgSc the anion-content during synthesis is an important factor in determining the defect energetics and the resultant electrical conductivity, with all three spinels exhibiting high n-type conductivity in anion-poor conditions and marginal p-type behavior in anion-rich conditions.
Also, fast cooling leads to large concentrations of intrinsic defects being quenched within the structure, which can increase both the free hole (anion-rich) and free electron (anion-poor) concentrations in MgSc 2 Se 4 , MgSc 2 S 4 and MgIn 2 S 4 . Hence, the lowest electronic conductivity is to be expected for samples synthesized under anion-excess, and slowly cooled to room temperature. Among the three structures considered, MgIn 2 S 4 exhibits the lowest free carrier concentration across various conditions, largely due to inversion within the spinel.
Finally, the introduction of aliovalent dopants, such as Ce and Ti on Sc, may mitigate the electronic conductivity observed in MgSc 2 Se 4 . Our work indicates the importance of defects in the field of solid electrolytes, and the framework used here can be applied to other systems as well, which will eventually aid both in the calibration of existing candidates and accelerated materials discovery.
